ABSTRACT One major aspect of the aging process is the onset of chronic, low-grade inflammation that is highly associated with agerelated diseases. The molecular mechanisms that regulate these processes have not been fully elucidated. We have identified a spontaneous mutant mouse line, small with kinky tail (skt), that exhibits accelerated aging and age-related disease phenotypes including increased inflammation in the brain and retina, enhanced age-dependent retinal abnormalities including photoreceptor cell degeneration, neurodegeneration in the hippocampus, and reduced lifespan. By positional cloning, we identified a deletion in chondroitin sulfate synthase 1 (Chsy1) that is responsible for these phenotypes in skt mice. CHSY1 is a member of the chondroitin N-acetylgalactosaminyltransferase family that plays critical roles in the biosynthesis of chondroitin sulfate, a glycosaminoglycan (GAG) that is attached to the core protein to form the chondroitin sulfate proteoglycan (CSPG). Consistent with this function, the Chsy1 mutation dramatically decreases chondroitin sulfate GAGs in the retina and hippocampus. In addition, macrophage and neutrophil populations appear significantly altered in the bone marrow and spleen of skt mice, suggesting an important role for CHSY1 in the functioning of these immune cell types. Thus, our study reveals a previously unidentified impact of CHSY1 in the retina and hippocampus. Specifically, chondroitin sulfate (CS) modification of proteins by CHSY1 appears critical for proper regulation of immune cells of the myeloid lineage and for maintaining the integrity of neuronal tissues, since a defect in this gene results in increased inflammation and abnormal phenotypes associated with age-related diseases.
O NE common feature of aging tissues is chronic, lowgrade inflammation (Franceschi and Campisi 2014; Fougère et al. 2016) , which is also observed in multiple age-related diseases such as cardiovascular disease, diabetes, cancer, and neurodegenerative diseases (Danesh et al. 2000; Duncan et al. 2003; van Greevenbroek et al. 2013; Pereira and Alvarez-Leite 2014; Chen and Xu 2015; Zhao et al. 2015; Kempuraj et al. 2016) . There is strong evidence that the lowgrade elevation of circulating inflammatory mediators and up-regulation of the inflammatory response play a role in the initiation and progression of these age-related diseases. Mouse models carrying mutations in genes involved in inflammatory signaling show accelerated aging phenotypes (Bernal et al. 2014; Franceschi and Campisi 2014; Kõks et al. 2016) , suggesting the involvement of inflammatory pathways in aging and age-related disease phenotypes. In addition, inhibition of nuclear factor kB (NF-kB)-mediated immune pathways has been shown to result in deceleration of age-related changes (Zhang et al. 2013; Yu et al. 2014) and increased lifespan in mice (Zhang et al. 2013) , also pointingForward genetics approaches using mouse models showing accelerated aging and age-related disease phenotypes provide powerful tools to identify genetic factors involved in aging and age-related diseases (Higuchi et al. 2014; Lee et al. 2016; Potter et al. 2016) . These phenotype-driven, unbiased approaches provide an opportunity to identify unexpected factors in various biological pathways that are involved in initiation and progression of the aging process as well as development of age-related pathologies. The retina is an ideal tissue in which to screen for age-related changes, due to its well-organized and layered structure. The normal aging retina goes through a series of distinct pathological changes, including an increase in inflammation, formation of ectopic photoreceptor cell synapses, and degeneration of photoreceptor cells (Liets et al. 2006; Aggarwal et al. 2007; Eliasieh et al. 2007; Terzibasi et al. 2009; Samuel et al. 2011; Fuchs et al. 2012; Zhao et al. 2015) . Similar retinal abnormalities have been observed in retinal degenerative diseases such as age-related macular degeneration (AMD), suggesting a link between the molecular mechanisms of retinal aging and age-dependent retinal diseases. Elucidating the molecular mechanisms causing these age-dependent retinal abnormalities by utilizing forward genetics may thus enhance our understanding of the molecular and cellular changes underlying aging and age-dependent diseases in the retina, as well as other tissues.
Here, we have identified a mouse model with a spontaneous mutation, small with kinky tail (skt), that shows accelerated aging phenotypes in the retina, particularly activation of the retinal innate immune cells, microglia, accompanied by increased retinal stress, synaptic abnormalities, and progressive retinal degeneration. Additionally, we found that skt mice exhibit inflammation in multiple other tissues, neurodegeneration in the hippocampus, and reduced life span, suggesting the involvement of the affected molecular pathways in a broader spectrum of age-related symptoms. By positional cloning, we have identified the causative mutation within the gene encoding chondroitin sulfate synthase 1 (Chsy1) that plays critical roles in the biosynthesis of chondroitin sulfate (CS), a glycosaminoglycan (GAG) , that is attached to the core protein to form the chondroitin sulfate proteoglycan (CSPG) (Mikami and Kitagawa 2013; Kitagawa 2014) . Consistent with this finding, we observed a dramatic decrease in CS GAGs within the retina and hippocampus of skt mice. In addition, the frequency of macrophages and neutrophils appeared to be markedly reduced in the bone marrow and spleen of skt mice. Our results support a novel function for CHSY1 within the retina, brain, and immune cells, and indicate that protein modification by CHSY1 is essential for proper development, function, and/or maintenance of these cells/tissues, such that a defect in this gene results in changes similar to those observed in aging and age-dependent diseases.
Materials and Methods

Mouse husbandry
All experiments were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Animal Care and Use Committee at the University of Wisconsin-Madison. skt mice (STOCK a skt/J, stock No: 001433) were obtained from the Jackson Laboratory, crossed to C57BL/6J (B6) mice for one generation and subsequently maintained by intercrossing. We removed the Ped6b rd1 mutation in the original background known to cause retinal degeneration during this process. C3Sn.BLiA-Pde6b + /DnJ mice (stock No: 003648) were obtained from the Jackson Laboratory. Chsy1 knockout (KO) mice (B6;129S5-Chsy1 tm1Lex /Mmucd) were originally developed by Genentech (Tang et al. 2010) . Cryo-preserved spermatozoa from heterozygous Chsy1 KO mice were obtained from the Mutant Mouse Resource & Research Centers (MMRRC; Stock 032195-UCD), and mice were rederived by the Transgenic Animal Facility at the University of Wisconsin-Madison Biotechnology Center.
Histological analysis
Following asphyxiation of mice by CO 2 administration, eyes were immediately removed and immersion fixed in Bouin's fixative overnight at 4°. Eyes were then rinsed, dehydrated, and embedded in paraffin. For histological analysis of the brain, mice were deeply anesthetized with isoflurane and perfused with 4% paraformaldehyde (PFA). Brains were removed and immersion fixed in 4% PFA overnight. Brains were then rinsed, dehydrated, bisected, and embedded in paraffin. Eye sections were cut at 6 mm and brain sections were cut at 15 mm on an RM 2135 microtome (Leica Microsystems, Wetzlar, Germany) and mounted on glass slides. Sections were then stained with hematoxylin and eosin (H&E) to visualize the tissue structure. H&E-stained sections were imaged on an Eclipse E600 microscope (Nikon, Tokyo, Japan), using an Axio Scope.A1 (Carl Zeiss MicroImaging) and an Axiocam 503 color (Carl Zeiss MicroImaging).
Outer nuclear layer thickness measurement
The thickness of retinal layers was measured in H&E-stained sections by using the Measure function of ImageJ software (available at http://rsb.info.nih.gov/ij; developed by Wayne Rasband, National Institutes of Health).
Immunohistochemistry
For cryostat sections, eyes were fixed in 4% PFA for 2 hr at 4°, then cryoprotected at 4°in a graded series of sucrose. Eyes were embedded in optimal cutting temperature compound (Sakura Finetek, Torrance, CA) and sectioned at 12-mm thickness. For immunohistochemistry on cryostat sections, sections were air dried for 2 hr, and blocked in phosphate buffered saline (PBS) with 0.5% Triton X-100 and 2% normal donkey serum for 1 hr at room temperature. Next, sections were incubated overnight with the primary antibodies against the molecule of interest (Supplemental Material, Table S1). Sections were rinsed in PBS and incubated with a 1:200 diluted Alexa 488 conjugated secondary antibody (Thermo Scientific, Rockford, IL) and/or Cy3 conjugated secondary antibody (Jackson ImmunoResearch Laboratories, West Grove, PA) for 45 min at room temperature. Sections were imaged on a Zeiss 510 confocal laser scanning system using ZEN software (Carl Zeiss MicroImaging) or on a Leica SP8 stimulated emission depletion (STED) 33 microscope (Leica Microsystems, Germany).
Quantification of ectopic dendrites
Frequencies of ectopically localized bipolar cell dendrites extending into the outer nuclear layer (ONL) were quantified in sections immunostained with the protein kinase C (PKC)a antibody, using the Measure and Label function of ImageJ software. We counted the number of PKCa fibers that extended beyond the outer plexiform layer (OPL), and the length was measured along the OPL, using the Measure function of ImageJ software. Frequency was calculated as the number of ectopic bipolar cell dendrites per millimeter of retina length.
Quantification of microglia
Microglia were quantified in sections immunostained with the ionized calcium binding adaptor molecule 1 (Iba1) antibody using the Cell Counter and Measure and Label functions of ImageJ software. We counted the number of total and activated microglia based on morphology as previously described (Jonas et al. 2012; Higuchi et al. 2014) . Activated microglia were defined as cells with a large soma size and no extending processes.
Genetic mapping and next-generation sequencing
Genetic mapping of the skt mutation was performed using an F2 intercross (B6;LT-skt/skt 3 C3Sn.BLiA-Pde6b + /DnJ). A sequence capture array on genomic DNA isolated from the spleen was performed using a biotinylated RNA library created by Agilent, followed by paired end sequencing on the Illumina HiSeq platform DNA Sequencing Facility at University of Wisconsin-Madison Biotechnology Center). Alignment of the sequence reads to the B6 reference genome was performed using the SeqMan NGen software (DNASTAR). The sequence reads covered 93% of bases within the candidate region (an average coverage .1003). Highly repetitive regions were excluded from the capture array and are not represented in this sequence data.
Electroretinogram
Scotopic electroretinogram (ERG) was recorded from 8-week-old skt and heterozygous control mice housed in standard diurnal cycling. Mice were dark adapted overnight and ERG recording was performed as previously described (Pattnaik et al. 2015) . To prevent cataracts, we used tear supplements during handling of mice. Animals were maintained at 37°during the entire procedure. All ERG data were stored and exported in digital format for post-hoc analysis using Microsoft Excel. A two-tailed unpaired Student's t-test was used to determine statistical significance. Results are presented as the mean 6 SEM and were considered significant for P (P-value) ,0.05.
Genotyping
Primers were designed using Primer3. Primer pair F1/R1 was used to amplify the left-hand boundary of the deletion, and F2/R2 to amplify the right-hand boundary. F1 and R2 were used to span the deletion. Primer sequences are as follows: F1: ctggggcagcagatctattt F2: tcctggctcctgaatgtctt R1: gctccaacaccctaggtcag R2: caactcgatgtagccagcaa
Western blotting analysis
Mouse brains were sonicated in PBS containing a protease and phosphatase inhibitor cocktail (Thermo Scientific, Rockford, IL), then centrifuged at 12,500 rpm for 15 min at 4°. Supernatant was collected and protein was quantified using the Pierce BCA Protein Assay (Thermo Scientific, Rockford, IL) according to the manufacturer's instructions. Primary antibodies to CSPG core proteins (aggrecan, brevican, versican) required samples to be pretreated with 0.2 U/ml chondroitinase ABC (Amsbio) overnight at 37°. The whole brain lysates containing equal amounts of protein were subjected to SDS-PAGE using 10% Bis-Tris gels and primary antibodies (Table  S2) . IRDye 800CW or IRDye 680RD secondary antibodies were used (LI-COR Biotechnology, Lincoln, NE) prior to detection with the Odyssey CLx imaging system (LI-COR Biotechnology, Lincoln, NE).
Flow cytometry
Bone marrow from femurs and spleen were collected from 8-week-old Chsy1 skt mutants and heterozygous controls for flow cytometry. Cells were washed with PBS, blocked with 5% mouse serum (abcam, Cambridge, UK) for 15 min, stained with fluorochrome-conjugated antibodies (Table S3) for 30 min at 4°, washed, resuspended in PBS, and analyzed by flow cytometry (BD LSR II cytometer; BD Biosciences, San Jose, CA) with FlowJo analysis software (version 9.3.1; FlowJo, Ashland, OR).
Apoptosis assay
Terminal deoxynucleotidyl transferase dUTP nicked-end labeling (TUNEL) staining was performed with an Apoptag kit using fluorescein detection (Millipore, Billerica, MA), according to the manufacturer's instructions. Nuclei were counterstained with DAPI, and specimens mounted in ProLong Gold antifade reagent (Thermo Fisher Scientific, Waltham, MA). The number of apoptotic cells per retina was counted to obtain a TUNEL positive cells value/retina section/mouse.
Statistical analysis
Sample size was chosen empirically following previous experience in the assessment of experimental variability. No statistical methods were used to predetermine sample size. No animals were excluded. Statistical analyses were performed in GraphPad Prism 6 (RRID:SCR_002798, GraphPad Software, La Jolla, CA). The statistical difference between groups was calculated using the unpaired Student's two-tailed t-test, and ANOVA using the GraphPad Prism software. P , 0.05 was considered to be statistically significant, using *P , 0.05, **P , 0.01, ***P , 0.001, and ****P , 0.0001. All data are presented as the mean 6 SEM of three or more independent experiments, with three or more replicates per condition per experiment.
Data availability
Strains are available upon request. The authors affirm that all data necessary for confirming the conclusions of the article are present within the article, figures, tables, and supplemental information. Supplemental material available at figshare: https://doi.org/10.25386/genetics.10566044.
Results
Age-related retinal phenotypes in skt mice
The recessive mutation, skt, arose spontaneously in a mouse colony at the Jackson Laboratory (Lane 1988) . Skt mice were originally isolated based on the shorter, kinked tail and small body size (Lane 1988) . We found that skt mice exhibit abnormalities in the retina, which are similar to agedependent phenotypes reported in our previous publications (Higuchi et al. 2014; Lee et al. 2016) . Age-dependent retinal phenotypes observed at early ages (by 4-8 weeks) in skt mice include ectopic synaptic interaction between photoreceptor cells and bipolar cells detected as mislocalized PKCa-stained biopolar cell dendrites and postsynaptic density protein 95 (PSD95)-labeled photoreceptor presynaptic terminals ( Figure 1A , arrowheads), progressive photoreceptor cell degeneration, which was indicated by decreased ONL thickness ( Figure 1B and Figure S1A ) as well as number of DAPI-stained nuclei in the ONL ( Figure S1B ), increased apoptosis ( Figure 1C ), and an increase of glial fibrillary acidic protein (GFAP) expression ( Figure 1D ), which is considered a sign of retinal stress (Lewis and Fisher 2003) and has been associated with retinal aging in mice (Higuchi et al. 2014; Lee et al. 2016 ). These results indicate that age-dependent retinal changes may be accelerated in skt mice.
Increased inflammation in the skt retina
Since the retinal innate-immune system involving microglia is known to undergo low levels of activation (para-inflammation) during aging (Chen and Xu 2015) , we immunofluorescently stained the retina of 4-and 8-week-old skt mice and heterozygous controls for a microglial marker, Iba1, and quantified the total number of microglia. skt mice had an overall increase in total microglia beginning at 4 weeks of age and persisting past 8 weeks ( Figure 1 , E and F). To determine if microglia observed in skt mice were activated or resting, we quantified resting, activated, and transitioning microglia based on morphology. Microglia with a small soma and ramified processes were classified as resting, microglia with a large soma and no ramified processes were classified as activated, and microglia with a large soma and few processes extending in a specific direction were classified as transitioning (Jonas et al. 2012) . Skt mice exhibited an increase in both activated and transitioning microglia, indicating an inflammatory status ( Figure 1G ). These activated microglia were concentrated in the OPL and ONL at 4 weeks of age and shifted to the ONL and retinal pigment epithelium (RPE) at 8 weeks of age ( Figure 1E ), indicating that the RPE could be the target toward which activated microglia migrate. Similar migration of microglia from the inner retina to the outer retina and their activation have been observed during aging in mice (Xu et al. 2008 ).
Other aging phenotypes in skt mice
Since we observed a broader spectrum of phenotypes associated with aging in skt mice including reduced lifespan ( Figure S1C ), hunched posture, and hair loss with age (Figure S1D ) as well as evidence of inflammatory infiltrates in other tissues including the kidney ( Figure S1E ), we then examined another neuronal tissue, the brain. We performed gross histological examination of various brain regions by H&E staining and found that hippocampal neurons in skt mice have undergone significant degeneration by the age of 1.5 years (Figure 2) . We observed an increased number of empty spaces surrounding cells in the cornu ammonis 1, 2, and 3 (CA1, CA2, CA3) hippocampal subfields of skt mice compared to control mice ( Figure 2A ). We also observed condensed nuclei in these hippocampal regions of skt mice (Figure 2A, arrowheads) , indicative of cell death. We immunostained hippocampal neurons using the wolframin ER transmembrane glycoprotein (WFS1) antibody and found that the number of WFS1-positive neurons is significantly reduced in the hippocampus of skt mice compared to control mice ( Figure 2B , P = 0.003 by t-test), suggesting degeneration of these neurons. Since microglia, which are increased in the retina (Figure 1 ), are also associated with neurodegeneration and aging in the hippocampus (Choi et al. 2007; Adachi et al. 2010; Lee et al. 2010) , we examined the number of microglial cells in the hippocampus of skt mice. We observed an increased number of Iba-positive microglia in the CA1, CA2, and CA3 regions at 1.5 years of age, suggesting increased inflammation in the brain of skt mice ( Figure 2C and Figure S2A ). Quantification of resting, activated, and transitioning microglia based on morphology showed that activated and transitioning microglia are increased in the hippocampus of skt mice ( Figure S2B ). This increase in microglia was observed by 8 weeks of age ( Figure S2 , A and B and Figure S3A ), when morphological changes were not present ( Figure S3B ). Since inflammation occurs prior to neurodegeneration, increased inflammation could potentially contribute to neurodegeneration in hippocampus.
The Chsy1 gene is mutated in skt mice
To understand the molecular basis of age-dependent abnormalities observed in skt mice, we conducted positional cloning. Genetic mapping of the skt mutation was performed using an F2 intercross (B6/LT-skt/skt 3 C3Sn.BLiA-Pde6b + / DnJ). skt was mapped to a 2.5-Mb region on mouse chromosome 7 flanked by markers D7Mit89 and D7Mit231 ( Figure  3A) . We then performed a sequence capture array on genomic DNA from skt mutants (n = 2). Standard bioinformatic analysis revealed no single-nucleotide polymorphisms (SNPs) nor small insertions and deletions within the coding regions (Table S4 ). Coverage analysis identified an area of zero coverage located at the three prime end of Chsy1 (Figure 3B ), indicating a possible insertion or deletion. Discarded reads from the original alignment were analyzed to identify reads bordering the no coverage region (Figure 3, C and D) . All 48 discarded reads contained sequence data that align to Chsy1, and a DNA sequence matching a region 27,666 bp downstream of Chsy1, indicating a large deletion ( Figure  3D ). PCR products were amplified from wild-type and heterozygote genomic DNA using primers spanning the left (F1/R1) and right (F2/R2) boundaries of the deletion ( Figure 3E ), which failed to amplify from genomic DNA of skt mutants ( Figure 3F ). Additionally, we are able to amplify a 200-bp product from heterozygotes and skt mutant DNA using primers F1 and R2 spanning the 27-kb deletion, which is not amplified from wild-type DNA ( Figure 3F ). These results indicate that a 27-kb deletion exists within the Chsy1 gene in skt mice. Since this deletion affects the functionally important chondroitin N-acetylgalactosaminyltransferase (CHGN) domain of CHSY1 (amino acid 238-777 in humans) , it likely results in loss of function. To confirm Chsy1 as the causative gene, a complementation test was performed using B6;129S5-Chsy1 tm1Lex / Mmucd (Chsy1 KO) mice (Wilson et al. 2012) . Mice heterozygous for the Chsy1 KO allele and the skt allele exhibit an increase in ectopically localized photoreceptor synapses ( Figure S4 , A and B), decreased ONL thickness ( Figure S4C ), an increase in microglia ( Figure S4D ), decreased body size, and a kinked tail ( Figure  S4E ). These data show that the skt mutation is indeed in the Chsy1 gene, and further indicate that it is a loss-of-function mutation. Hereafter, we designate the skt mutation as Chsy1 skt .
Decreased CS GAGs in the outer retina and brain of Chsy1 skt mice CHSY1 is a member of the chondroitin N-acetylgalactosaminyltransferase family (Kitagawa et al. 2001 ) that synthesizes CS, a GAG expressed on the surface of most cells and in the extracellular matrix (Mikami and Kitagawa 2013) . It catalyzes the addition of alternating GalNAc and GlcA disaccharide units to elongate CS chains attached to the core protein-forming CSPGs ( Figure 4A ). In the retina, CSPGs were previously detected in large quantities in the interphotoreceptor matrix (IPM), which occupies the subretinal space between the photoreceptor cells and RPE cells, as well as on the apical surface of RPE cells (Porrello and Lavail 1986; Hageman and Johnson 1987; Ishikawa et al. 2015) . We performed immunohistochemistry with antibodies targeting CHSY1 and 4-sulfated or 6-sulfated CS GAGs of CSPGs in the retina of Chsy1 skt and control mice. In the outer retina of both Chsy1 skt and control mice, CHSY1 was detected in the RPE as well as photoreceptor inner segments (IS) ( Figure 4B ). CS GAGs are localized primarily to the photoreceptor outer segments (OS) and the apical region of RPE in control mice, which is absent in Chsy1 skt mutants ( Figure 4B ). This indicates a significant impairment of CS modification in these retinal regions of Chsy1 skt mice, which may affect their structural integrity. Immunofluorescence for rhodopsin shows disrupted OS morphology in Chsy1 skt mice ( Figure 4C ). While columnar structures of the OS are well defined and OS tips can be clearly observed in the control retina using STED microscopy, they are severely disorganized and undefined in Chsy1 skt mice ( Figure 4C) . Additionally, signals for solute carrier family 16 (monocarboxylic acid transporters) member 1 (SLC16A1), an apical marker of RPE cells, are much less intense in Chsy1 skt mutants ( Figure 4D ) suggesting that RPE microvilli may be affected in these mice. These structural defects at the interface of photoreceptor and RPE cells may indicate abnormal interaction between these cells. We hypothesized that these structural defects and photoreceptor cell degeneration observed in Figure 3 Identification of the skt genomic deletion. (A) The skt locus has been mapped to a 2.5-Mb region located on mouse chromosome 7 flanked by D7Mit89 and D7Mit231. (B) Sequence coverage of the Chsy1 gene. No coverage region is shown at the 3' end of the Chsy1 gene (yellow). (C) Data pipeline used to identify the genomic deletion. The raw sequence reads were aligned to the mouse mm10 reference genome using the SeqMan N Gen suite software. The discarded reads were saved in a .fas file (1). An in-house perl script was used to scan and pull discarded reads that contained the sequence of the Chsy1 region adjacent to the start of the no coverage region (blue) at the 3' end of Chsy1 (2). (D) Forty-eight discarded reads were identified to overlap the deletion, containing the sequence adjacent to the no coverage region, and a DNA sequence that was identified to be 27,666bp downstream of Chsy1 (red). The wild-type sequence is shown down below the reads. (E) Design of primer sets F1/R1 and F2/R2 to confirm the skt deletion. F1/R1 spans the left-hand boundary of the deletion, while primer set F2/R2 spans the right-hand boundary. (F) A 250-bp product (F1/R1) and a 190-bp product (F2/R2) can be amplified from heterozygote and wild-type samples. Due to the deletion, these primer pairs do not amplify products from skt DNA. Using the primer pair F1/R2, a 200-bp product can be amplified from heterozygote and homozygous skt DNA.
the Chsy1 skt mutant could affect the visual function. To test this, scotopic ERG recording was performed on 8-week-old Chsy1 skt mutants and controls. Chsy1 skt mice exhibit a significant decrease in both a and b waves ( Figure 4E ), indicating a functional loss of vision.
In the adult brain, CSPGs are major components of the extracellular matrix (ECM) and have been detected in various regions (Kurazono et al. 2001; Galtrey and Fawcett 2007; Hayashi et al. 2007) . Staining for CHSY1 and for 4-sulfated/ 6-sulfated CS GAGs of CSPGs generally coincided in the hippocampus ( Figure 5, A-C) . Similarly to the retina, Chsy1 skt mice show decreased staining for CS GAGs in the hippocampus compared to control mice ( Figure 5D, red) , suggesting that the integrity of the ECM surrounding neurons may be affected in Chsy1 skt mice. We also performed Western blotting analysis on brain lysates from control and Chsy1 skt mice using the antibody for CS GAGs. We observed a major reduction in CS GAG signals across a range of molecular weights in Chsy1 skt mice compared to control mice ( Figure 5E ), suggesting that various CSPGs are generally affected in this mouse model. To examine whether CSPG core protein expression is affected, we performed Western blotting for some of the major CSPG core proteins in the central nervous system including aggrecan, brevican, and versican (Stephenson et al. 2018 ) on brain lysates that were pretreated with the chondroitinase ABC enzyme. We did not find significant differences in signals for these core proteins ( Figure  5E ), suggesting that while these core proteins are present, their CS modification is disrupted by the Chsy1 skt mutation. For one of the transmembrane CSPG core proteins, neuronglial antigen 2 (NG2) (also known as CSPG4), we performed immunohistochemistry in the hippocampus. NG2 is known to be expressed in NG2-glia, precursors of mature oligodendrocytes that reside in the adult brain parenchyma (Jäkel and Dimou 2017) . In the hippocampus, NG2 signals ( Figure 5D , green) were found to overlap with CS GAG signals ( Figure 5D , red), which were reduced in Chsy1 skt mice. Similarly, NG2 signals were markedly reduced in the retina of Chsy1 skt mice ( Figure 5F ). In the control retina, strong NG2 signals were observed at the apical surface of the RPE, which are significantly lower in Chsy1 skt mice ( Figure 5F , green). Since the polyclonal NG2 antibody used for immunohistochemistry detects both the intact proteoglycan and the core protein, reduced NG2 signals in Chsy1 skt mice could indicate either the loss of antigenic sites due to reduced CS modification (that are present and detected by this antibody in control mice) or instability of the NG2 core protein without CS modification in Chsy1 skt mice. Therefore, we performed Western blotting of the brain lysate from Chsy1 skt and control mice using an antibody that was generated against synthetic peptide corresponding to the mouse NG2 amino acid sequence (aa 300-400), and NG2 signals overlap in the hippocampus, which are reduced in the Chsy1 skt/skt brain compared to heterozygous (Chsy1 skt/+ ) controls. Bar, 10 mm. (E) Western blotting analysis of brain lysates from Chsy1 skt/skt and heterozygous control mice using antibodies against 4-sulfated/6-sulfated CS GAGs and CSPG core proteins (aggrecan, brevican, versican) . For the analysis of core proteins, lysates were pretreated with the chondroitinase ABC enzyme. n = 3 for each genotype. Protein levels are shown as normalized to the loading control, GAPDH. *P , 0.05. (F) In the outer retina, NG2 (green) is localized specifically to the apical surface of RPE cells, which is significantly reduced in Chsy1 skt/skt mice compared to Chsy1 skt/+ control mice. The section is costained with the CS GAGs antibody (red). Bar, 10 mm. Sections are counterstained with DAPI (blue).
which should recognize the NG2 core protein ( Figure S5 ). This analysis did not show significant difference in the level of the NG2 core protein between Chsy1 skt and control mice (P = 0.1354 by t-test), indicating that CS modification of the NG2 core protein (and not the level of the NG2 core protein) is specifically affected in Chsy1 skt mice.
Altered neutrophil and macrophage frequencies in Chsy1 skt mice Using a gene annotation portal (bioGPS) (Wu et al. 2016) , we analyzed the expression pattern of the Chsy1 gene in mouse tissues and cell types (Lattin et al. 2008) and found that it is expressed in immune cell populations. Based on this, we hypothesized that CHSY1 may be involved in the function/regulation of immune cells. We thus performed flow cytometric analyses of immune populations from bone marrow and spleen of 8-week-old Chsy1 skt mutants and heterozygous controls ( Figure 6 and Figures S6 and S7) . We first noted a significantly reduced frequency of cells showing high sidescatter (SSC high ) in both bone marrow and spleen from Chsy1 skt mutants ( Figure S6 ). Since myeloid lineage cells such as macrophages and granulocytes are characterized by high side-scatter, we performed further analyses using antibodies against Ly-6G (highly expressed on neutrophils) vs. F4/80 and CD11b (both more highly expressed on monocytes and macrophages than neutrophils). The frequency of neutrophils (F4/80 low , Ly-6G high ) appeared significantly reduced in bone marrow of Chsy1 skt mutants compared to heterozygous controls, but was not affected in spleen (Figure 6 ). The macrophage subset (F4/80 + , CD11b hi , SSC hi ) appeared markedly diminished in both bone marrow and spleen of Chsy1 skt mutants compared to heterozygous controls ( Figure  6 ). In contrast, frequencies of monocytic cells and lymphocytic cell types [including T-cells, B-cells, and natural killer (NK) cells] did not appear to be consistently altered in Chsy1 skt mutants compared to heterozygous controls ( Figure  S7 ). These results suggest that CHSY1 may have a role in the generation, maintenance, or tissue localization of neutrophils and macrophages.
Discussion
In this study, we identified Chsy1 as the responsible gene for skt mutant phenotypes including accelerated age-dependent retinal abnormalities, neurodegeneration in hippocampus, and inflammation in multiple tissues. Specifically, we found a large deletion beginning in the third exon of Chsy1, spanning 27 kb into the intergenic space. CHSY1 is a member of the chondroitin N-acetylgalactosaminyltransferase family (Kitagawa et al. 2001) . These enzymes possess dual glucuronyltransferase and galactosaminyltransferase activity and play critical roles in the biosynthesis of CS, a GAG, that is attached to a serine residue of the core protein to form CSPGs (Mikami and Kitagawa 2013; Kitagawa 2014) . In humans, mutations in CHSY1 have been associated with Temtamy preaxial brachydactyly syndrome, characterized by limb malformations, short stature, and hearing loss Tian et al. 2010; Sher and Naeem 2014) . A previous study using Chsy1 KO mice showed that CHSY1 is required for bone development and digit patterning (Wilson et al. 2012) . Chsy1 KO mice also exhibit a kinked tail, similarly to Chsy1 skt mutants, likely due to abnormalities during bone development. We confirmed that Chsy1 skt is allelic to the Chsy1 KO allele by complementation test, which also indicated that Chsy1 skt is a loss-of-function mutation. Thus, our study revealed previously unidentified tissues/cell types that are affected by the loss of CHSY1 function including the retina, hippocampus, and immune cells. Moreover, we discovered that defects in CS modification by CHSY1 result in increased inflammation and abnormal phenotypes associated with aging and age-related diseases. Our immunohistochemical analysis showed that CS GAGs in the IPM of the retina are dramatically decreased in Chsy1 skt mice. The significant reduction of CS modification in this region prompted us to further examine the photoreceptor OS structure, which appeared less defined and disorganized. We also found that RPE microvilli that surround the OS tips are affected in Chsy1 skt mice. Thus, our data demonstrate that CHSY1 is an essential enzyme for production of CSPGs in IPM, and that CSPGs in this retinal region are essential for structural integrity of OS and RPE microvilli at the interface between photoreceptor-RPE interaction. Defective interaction could affect the health/maintenance of photoreceptor cells and visual functions, consistent with our data showing progressive photoreceptor cell degeneration and impaired ERG responses in Chsy1 skt mice. Additionally, our data demonstrate that activated microglia migrate toward the OS/IPM and RPE as the Chsy1 skt phenotype progresses, indicating that these structural defects due to loss of CS modification may induce activation and recruitment of microglia. Microgliamediated chronic neuroinflammation has been observed in multiple retinal degenerative diseases including AMD, glaucoma, and diabetic retinopathy, as well as mouse models with retinal degeneration, and is thought to have a pivotal role in the degenerative process (Langmann 2007; Karlstetter et al. 2010; Madeira et al. 2015) . Considering that increase in activated microglia is one of the earliest phenotypes observed in the Chsy1 skt retina, it is possible that this phenomenon contributes to retinal degeneration in Chsy1 skt mice.
Our histological data indicate significant neurodegeneration within the Chsy1 skt hippocampus. Within the brain, CSPGs are the most abundant part of the ECM and different types of CSPGs are localized to intercellular spaces between neurons and glia (Dityatev et al. 2007; Bonneh-Barkay and Wiley 2009; Maroto et al. 2013) . Additionally, perineuronal nets (PNNs) are CSPG-rich ECM lattice-like structures that envelop subpopulations of neurons in certain brain regions including the hippocampus (Celio and Blümcke 1994; Deepa et al. 2006; Maroto et al. 2013 ) and play key roles in neural development, synaptogenesis, neuroprotection, and synaptic plasticity. The degeneration we observed in the Chsy1 skt hippocampus indicates that modification of proteins by CHSY1 is important for maintaining neuronal health in the brain, and lack of those CS modifications can lead to neurodegeneration. Results from our Western blotting analysis indeed indicated general reduction in CS modification of CSPGs while levels of core proteins for major CSPGs were not affected in the brain of Chsy1 skt mice, indicating that CS modification of the core proteins is specifically reduced in these mice. Similarly to the retina, it is plausible that structural changes within the ECM due to loss of CS modification of CSPGs lead to neurodegeneration within the brain. The ECM in the brain is thought not only to provide physical support but also to support homeostatic functions required for survival of neurons (Bonneh-Barkay and Wiley 2009). Changes in the ECM have been associated with neurodegenerative diseases including ischemic stroke, multiple sclerosis, human immunodeficiency virus dementia and AD, and animal models of such diseases (Bonneh-Barkay and Wiley 2009), although a mechanistic connection has not been fully demonstrated. Alternatively, neuroinflammation involving microglia may contribute to neurodegeneration. Our study shows that the number of activated microglial cells is increased in the Chsy1 skt brain. Since activation of microglia has been associated with neurodegeneration (Perry and Holmes 2014; Brown and Vilalta 2015; von Bernhardi et al. 2015; Colonna and Butovsky 2017) , increased microglia and their activation may contribute to hippocampal degeneration observed in Chsy1 skt mice. The ECM is known to modulate immune cell migration, activation, and survival (Sorokin 2010) , and inflammation can be initiated and propagated by ECM disruption (Gaudet and Popovich 2014) . Therefore, disruption of the ECM due to the loss of CS modification may increase neuroinflammation in the Chsy1 skt brain, which may in turn result in neurodegeneration.
Our Western blot analysis showed general reduction in CSPG signals across a range of molecular weights in Chsy1 skt brain, suggesting that the Chsy1 skt mutation affects various CSPGs. In previous studies, no apparent degeneration or inflammation in the brain was reported in mice lacking major CSPGs in the central nervous system (CNS), neurocan (Zhou et al. 2001) or brevican (Brakebusch et al. 2002) , as well as in quadruple knockout mice lacking neurocan, brevican, and glycoproteins tenascin-C and tenascin-R (Rauch et al. 2005) . Closer examination of the hippocampus of these mouse models may reveal inflammation and/or degenerative phenotypes, which would indicate their involvement. We also found a candidate transmembrane CSPG, NG2, that may be involved, since it was detected in regions of both retina and brain where Chsy1 skt phenotypes were observed. In the outer retina, NG2 signals were observed specifically at the apical surface of the RPE cells in control mice, while in the hippocampus of control mice, they were found to overlap with CS GAG signals. In Chsy1 skt mice, NG2 signals in both tissues were much reduced compared to those in control mice. Future studies to identify CSPGs that are responsible for particular Chsy1 skt phenotypes should provide valuable insights regarding the molecular mechanisms underlying the pathologies.
We found that macrophage and neutrophil populations in bone marrow, and macrophages in the spleen, appeared significantly diminished in Chsy1 skt mice. Thus, our study shows that CS modification of proteoglycans affects the development, maintenance, or localization of myeloid subsets, particularly macrophages. Microglia are known to be CNSresident macrophages that arise early in development from the yolk sac; however, the extent to which bone marrowderived macrophages also infiltrate the CNS later in life as part of the normal course of aging remains unclear (Lund et al. 2017; Mrdjen et al. 2018) . It is therefore intriguing to speculate on whether the neuroinflammatory phenotype observed in Chsy1 skt mice is connected to their deficiency in bone marrow macrophages, since this might suggest an unexpected role for bone marrow-derived macrophages in protecting against age-related inflammatory pathology in the CNS. Notably, a human GWAS study has shown association of SNPs within CHSY1 to the count/percentage of myeloid lineage cells (Astle et al. 2016) , consistent with our findings in Chsy1 skt mice. Expression of CHSY1 has been detected in multiple immune cell types (Lattin et al. 2008) including NK cells, mast cells, B-cells, T-cells, dendritic cells, macrophages, and microglia. Hence, loss of this gene may affect a variety of immune cell types, and Chsy1 skt mice may provide a novel mouse model to study how CS modification of proteoglycans is involved in the regulation of immune cell populations.
In conclusion, our study revealed the importance of CS modification with wider roles in regulating immune cells/ inflammation affecting multiple organ systems. Loss of CS modification also results in neurodegeneration in the retina and hippocampus demonstrating the importance of CS modification by CHSY1 for the maintenance of those neurons. Two separate hypotheses exist regarding neurodegeneration in Chsy1 skt mice. It may result from structural changes in the ECM surrounding the neurons due to reduced CS modification of CSPG core proteins. Alternatively, it may be due to immune cells affected by the Chsy1 skt mutation resulting in inflammation and neurodegeneration. Future investigation will test these hypotheses. Furthermore, although it is not known whether age-dependent changes in CS are involved in increased inflammation or neuronal degeneration associated with aging, changes in CS modification in some aging tissues have been reported (Collin et al. 2017; Foscarin et al. 2017) . A significant decrease in CS GAGs as well as changes in the sulfation profile of CS were observed in the bovine intervertebral disc during the aging process (Collin et al. 2017) . Changes in the sulfation pattern of CS were also observed in aged rat brains, which may have a more inhibitory effect on axon growth (Foscarin et al. 2017) . Such agedependent changes in CS modification may more generally occur in different tissues. Importantly, our study demonstrated that global changes in CS modification could contribute to the development of aging and age-related disease phenotypes. Future identification of the targets of CS modification by CHSY1 and cell types that are specifically responsible for causing the age-related disease phenotypes could provide further insights into the molecular mechanisms through which these pathologies associated with aging and age-related diseases are caused.
